Supportive social interactions may be protective against stressors and certain mental and physical illness, while social isolation may be a powerful stressor. Prairie voles are socially monogamous rodents that model some of the behavioral and physiological traits displayed by humans, including sensitivity to social isolation. Neuroendocrine and behavioral parameters, selected for their relevance to stress and depression, were measured in adult female and male prairie voles following 4 weeks of social isolation versus paired housing. In Experiment 1, oxytocin-immunoreactive cell density was higher in the hypothalamic paraventricular nucleus (PVN) and plasma oxytocin was elevated in isolated females, but not in males. In Experiment 2, sucrose intake, used as an operational definition of hedonia, was reduced in both sexes following 4 weeks of isolation. Animals then received a residentintruder test, and were sacrificed either 10 min later for the analysis of circulating hormones and peptides, or 2 h later to examine neural activation, indexed by c-Fos expression in PVN cells immunoreactive for oxytocin or corticotropin-releasing factor (CRF). Compared to paired animals, plasma oxytocin, ACTH and corticosterone were elevated in isolated females and plasma oxytocin was elevated in isolated males, following the resident-intruder test. The proportion of cells double-labeled for c-Fos and oxytocin or c-Fos and CRF was elevated in isolated females, and the proportion of cells double-labeled for c-Fos and oxytocin was elevated in isolated males following this test. These findings suggest that social isolation induces behavioral and neuroendocrine responses relevant to depression in male and female prairie voles, although neuroendocrine responses in females may be especially sensitive to isolation.
Introduction
Mood disorders, such as depression, are associated with neuroendocrine alterations that are similar to the body's responses to stressors (Glowa and Gold, 1991; Grippo et al., 2002; Garlow and Nemeroff, 2004; Grippo et al., 2005a) . Depression is associated with altered corticotropin-releasing factor (CRF), elevated hypothalamic-pituitary-adrenal (HPA) axis hormones, and impaired feedback regulation of the HPA axis (Asnis et al., 1987; Banki et al., 1992; Raadsheer et al., 1995; Sullivan Hanley and Van de Kar, 2003; Young et al., 2004) . Similar changes, including alterations in corticosterone and adrenocorticotropic hormone (ACTH), impaired feedback control of HPA axis functioning, impaired glucorticoid receptor binding (increased mRNA expression and density of binding sites) in the hippocampus, cortex and dorsal raphe nucleus, and altered CRF input to the dorsal raphe nucleus, have been observed in several validated animal models of depression (Froger et al., 2004; Maier and Watkins, 2005; Grippo et al., 2005a,b) (but see Azpíroz et al., 1999 for negative findings regarding circulating corticosterone levels). Some of these responses are sexually dimorphic, with female rodents possibly showing increased sensitivity to stressors (Dalla et al., 2005) .
The social environment, including increased physiological reactivity to social stressors, influences behavioral and neuroendocrine dysfunction associated with mood disorders (Anisman and Zacharko, 1992; Post, 1992; Sapolsky, 1996; Heinrichs et al., 2003; Ploog, 2003; Tafet and Bernardini, 2003; Adams et al., 2004; Steptoe et al., 2004) . In humans, a sense of loneliness is related to symptoms of depression and cardiovascular responses to a psychological stressor (Steptoe et al., 2004) , and to increased peripheral resistance (Cacioppo et al., 2002) . Oxytocin and CRF are particularly relevant to the consequences and causes of sociality, and possibly to affective disorders. Oxytocin treatment combined with social support attenuates cortisol responses and anxiety reactions to a social stressor in humans (Heinrichs et al., 2003) . In rats, intracerebroventricular oxytocin attenuates stressor-induced corticosterone responses and anxiety-like responses (Windle et al., 1997) .
The present study investigated the role of a negative social environmental manipulation (social isolation) in mediating both behavioral and neuroendocrine responses related to depression. Female and male prairie voles (Microtus ochrogaster) were selected as subjects based on their display of face-valid social behaviors (e.g., behaviors that model those observed in humans), including an active engagement in and reliance on their social environment (Carter et al., 1995; Carter and Keverne, 2002) . These animals typically live either in pairs or family groups in nature (Getz and Carter, 1996) . Although there is an extensive literature on regulation of social behavior in prairie voles (see Carter et al., 1995; Insel and Young, 2001) , neurobiological effects of social isolation in this species are only recently being investigated. Social isolation in prairie voles may alter HPA axis function (Ruscio et al., 2007) and reduce neurogenesis in hypothalamus and amygdala (Fowler et al., 2002) .
Two parallel experiments were conducted in the current study to investigate specifically the influence of isolation on basal and stressor-induced neuroendocrine dysfunction and behaviors relevant to depression. Recent findings from our laboratory have shown that chronic social isolation (2 months) in female prairie voles is associated with behavioral alterations related to depression as well as exaggerated stressor-induced endocrine responses, including elevated circulating levels of oxytocin and corticosterone in isolated animals [versus paired (control) animals] following exposure to a 5-min acute social stressor (Grippo et al., 2007) . However, it is currently unclear whether these changes following exposure to an acute stressor are due to increased basal levels of circulating hormones and peptides as a result of the chronic isolation, or whether the changes are due to increased reactivity to the acute stressor in isolated animals. In addition, possible sex differences in these responses have not previously been examined using the prairie vole model. Therefore, in the current study (Experiment 1) we examined in both female and male prairie voles the effects of 4 weeks of social isolation on basal circulating levels of oxytocin, ACTH and corticosterone, as well as basal oxytocin-and CRF-immunoreactivity in hypothalamic paraventricular nucleus (PVN) neurons. Given previous findings indicating that the social environment mediates behavior and neuroendocrine function related to depressive disorders (Anisman and Zacharko, 1992; Post, 1992; Sapolsky, 1996; Heinrichs et al., 2003; Ploog, 2003; Tafet and Bernardini, 2003; Adams et al., 2004; Steptoe et al., 2004) , and those from our laboratory showing specifically that female prairie voles are sensitive to the effects of a combination of chronic social isolation (2 months) and an acute stressor (5-min resident-intruder test) (Grippo et al., 2007) , we hypothesized that isolation alone in the present study would induce some basal neuroendocrine disturbances, especially in female prairie voles.
Similarly, our previous investigation in female prairie voles suggested that 2 months of social isolation (versus social pairing) may be associated with increased numbers of oxytocin-and CRF-immunoreactive cells in the PVN following exposure to a 5-min resident-intruder stressor (Grippo et al., 2007) . However, the mechanisms of central and peripheral changes in response to an acute stressor in isolated prairie voles are not clear. Therefore, in a second experiment in the present study (Experiment 2), we again investigated the effects of 4 weeks of isolation in both female and male prairie voles. Following a 5-min residentintruder stressor (using our previously published procedures, Grippo et al., 2007) , Fos expression in cells immunoreactive for either oxytocin or CRF was assessed in the PVN, to investigate whether both female and male isolated animals display increased neural activation in stressor-responsive PVN cells. We also measured circulating oxytocin, ACTH and corticosterone following the resident-intruder stressor, to determine whether 4 weeks of isolation in both female and male animals were sufficient to induce plasma changes in these hormones and peptides after exposure to an acute stressor. We hypothesized specifically that isolation would increase HPA axis and oxytocin activation in both the brain and peripheral nervous system following exposure to the resident-intruder stressor. Finally, in Experiment 2 we also investigated a behavioral index of depression, assessment of sucrose intake; this measure in rodents is sensitive to antidepressant treatment and represents the reduced responsiveness to pleasurable stimuli (anhedonia) that is often observed in human depression (Willner et al., 1987; American Psychiatric Association, 2000; Grippo et al., 2006) . We hypothesized that 4 weeks of isolation would induce anhedonia in both male and female prairie voles (similar to the effects of 2 months of isolation that have been previously reported in female animals, Grippo et al., 2007) , and that a progressive deficit in hedonic responses would be observed across 4 weeks of isolation.
Methods
2.1. Experiment 1 2.1.1. General experimental design The general experimental design of Experiment 1 is described here; specific methodological procedures are presented in the following sections. Adult, female and male prairie voles were randomly assigned to be socially isolated (4 weeks; n ¼ 8 female and n ¼ 8 male) or pair-housed with a same-sex sibling (control conditions; n ¼ 8 female and n ¼ 8 male). Following this 4-week period, all animals were sacrificed under anesthesia for the collection of blood and brain tissue. Basal circulating hormones and peptides (oxytocin, ACTH, and corticosterone) were analyzed in the plasma in both sexes. Basal central hormones and peptides (oxytocin-and CRF-immunoreactivity) were analyzed in the PVN in both sexes.
Animals
Animals in this study were adult, reproductively naïve 1 prairie voles of both sexes (n ¼ 16 female and n ¼ 16 male) ranging between 60 and 90 days of age, and between 40 and 50 g in body weight. Animals were descendants of a wild stock originally caught near Champaign, IL. Animals were maintained on a 14/10 h light/dark cycle (lights on at 0600 h), with a temperature of 2571 1C and relative humidity of 2174 g/m 3 . All animals were allowed food (Purina rabbit chow; Purina, St. Louis, MO) and water ad libitum. Offspring remained in their natal group in large polycarbonate cages (25 Â 45 Â 60 cm) with cotton nesting material until weaning at 21 days of age. At this time, animals were housed in same-sex sibling pairs in smaller cages (12 Â 18 Â 28 cm) until the commencement of the study. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were preapproved by the University of Illinois at Chicago Institutional Animal Care and Use Committee.
Social isolation
Animals were randomly divided into paired (control; n ¼ 8 female and n ¼ 8 male) or isolated (n ¼ 8 female and n ¼ 8 male) conditions; only one animal from each sibling pair was studied. Animals were subjected to social isolation (total 4 weeks) after living with a same-sex sibling in a standardsized cage since weaning. Isolation involved removing the experimental animal from the home cage and placing it into an individual cage (in a separate room, beyond smelling distance from the sibling) for 4 weeks. Paired (control) animals also were moved into new cages at the same time as the isolated animals, and then were continually housed with their same-sex siblings for the length of the respective isolation period. The two groups were matched on handling and cage changing throughout the period of isolation or pairing.
Collection of plasma
Following the period of social isolation or pairing, all animals were anesthetized with a mixture of ketamine (67 mg/kg, SC; NLS Animal Health, Owings Mills, MD) and xylazine (13.33 mg/kg, SC; NLS Animal Health, Owings Mills, MD) during the light period (3-5 h after light onset). The animal was anesthetized within 1 min of being removed from the housing room. Blood was sampled within 2 min of the anesthetic injection, from the periorbital sinus via a heparanized capillary tube, and was collected during a period not exceeding 1 min. The blood was placed immediately on ice, and then centrifuged at 4 1C, at 3500 rpm, for 15 min to obtain plasma. Plasma aliquots were stored at À80 1C until assayed for circulating hormones and peptides.
2.1.5. Circulating hormone and peptide analysis Plasma levels of oxytocin were determined using a commercially available enzyme-linked immunosorbent assay kit (Assay Designs, Ann Arbor, MI), which has been validated previously for use in prairie voles (Kramer et al., 2004) . Inter-and intra-assay coefficients of variation for oxytocin are 10.0% and 10.5%, respectively. The minimum detection limit for this assay is 11.7 pg/ml. The antibody has negligible cross-reactivity (o0.04%) with similar mammalian peptides.
Plasma levels of ACTH were determined by radioimmunoassay according to procedures described elsewhere (Li et al., 1993) . The inter-and intra-assay coefficients of variation are 14.6% and 4.2%, respectively. The sensitivity of this assay is 0.25 pg/tube.
Plasma levels of corticosterone were determined using a commercial radioimmunoassay kit (MP Biomedicals, Irvine, CA). The plasma was diluted in assay buffer as necessary (1:2000) to give results reliably within the linear portion of the standard curve. The inter-and intra-assay coefficients of variation for corticosterone are both less than 5%, and cross reactivity with other steroids is less than 1%. The minimum detectable dose for this assay is 7.7 ng/ml.
Collection of tissue
Following collection of blood, all animals were sacrificed under anesthesia via cervical dislocation. Brains were carefully removed from the skulls and processed with a passive perfusion (i.e., spin immersion) technique described previously by our laboratory (Cushing et al., 2001; Grippo et al., 2007) . Briefly, brains were immersed in a fixative solution consisting of 4% paraformaldehyde containing 5% acrolein (pH 8.6) for a total of 4 h. Brains were postfixed for
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1 The female animals studied in both Experiments 1 and 2 were reproductively naïve. Female prairie voles do not show a spontaneous puberty or estrous cycle; in this species the ovaries remain inactive until the female has physical contact with a male (Carter et al., 1987) , which allows for the use of reproductively intact animals without the need for controlling the estrous cycle (e.g., via ovariectomy). 24 h in 4% paraformaldehyde, and sunk in 25% sucrose. Tissue was stored in 25% sucrose at 4 1C until it was sectioned at 40 mm on a freezing sliding microtome. Sliced serial brain sections were stored in wells at À20 1C, in cryoprotectant antifreeze solution, until assayed for hormones and peptides in the PVN.
2.1.7. Immunohistochemistry and image analysis Serial brain slices (40 mm) from the PVN were assayed for oxytocin and CRF using standard avidin:biotinylated enzyme complex (ABC) immunohistochemistry. Anti-CRF (generously provided by Dr. Ann-Judith Silverman) was used at a concentration of 1:50,000, and anti-oxytocin (generously provided by Dr. Mariana Morris) was used at a concentration of 1:300,000. Both antibodies were generated in rabbit.
Free-floating sections were rinsed six times during an 1-h period with potassium phosphate-buffered saline (KPBS). Sections were then incubated in 1% sodium borohydride for 20 min at room temperature. After multiple washes in KPBS, sections were incubated in 0.014% phenylhydrazine for 15 min at room temperature. Tissue was rinsed six times during a period of 1 h in KPBS. Sections were then incubated in primary antibody for either oxytocin or CRF diluted in KPBS+0.4% Triton X-100 for 1 h at room temperature, and then incubated for 42 h at 4 1C. Following this incubation period, sections were rinsed 10 times during a period of 1 h with KPBS. Sections were then incubated in anti-rabbit IgG (BA-1000; Vector Laboratories, Burlingame, CA; 1:600) for 1 h at room temperature. Sections were rinsed five times during a period of 50 min with KPBS, and then incubated in A/B solution (Vectastain Elite PK-6100; Vector Laboratories, Burlingame, CA; 45 ml A, 45 ml B per 10 ml KPBS+0.4% Triton X-100) for 1 h at room temperature. Sections were rinsed three times in KPBS and then three times in Tris-buffered saline. Both oxytocin and CRF were visualized by incubation in diaminobenzadine (DAB) dissolved in Tris-buffered saline, for 15 min at room temperature, and then sections were rinsed three times with Tris-buffered saline and three times with KPBS.
Stained sections were mounted on gelatin-coated slides, air-dried, dehydrated in a series of ethanol dilutions, cleared with Histoclear (National Diagnostics, Atlanta, GA), and then protected with coverslips using Histomount mounting medium (National Diagnostics, Atlanta, GA).
Images were captured using a Nikon Eclipse E 800 microscope, Sensi-cam camera and IPLab software (Scanalytics, Inc., Fairfax, VA). The density of oxytocin-and CRFimmunoreactive cell bodies was determined manually in the PVN using a 20 Â objective, using a standardized sampling area, according to procedures described previously by our laboratory (Ruscio et al., 2007) . Measurements within the PVN were taken in a caudal section of the nucleus where the stained cells take a characteristic shape demonstrated in previous studies (Wang et al., 1996; Ruscio et al., 2007) . This section is further characterized by the medial-lateral position of the fornix (relative to the third ventricle) and medial and dorsal location of the optic tract (relative to more central and ventral position in more rostral sections). It is approximate to Fig. 49 in Paxinos and Watson (2005) .
Density measurements were taken from sections matched in rostral-caudal orientation to minimize variability. Two to three brain sections were analyzed from each subject, and results were averaged across sections. Counts were performed separately for each hemisphere, and the results were averaged between hemispheres. For all subjects, density measures were conducted by two trained, experimentally blind raters, and the results were averaged between raters. Therefore, density measures were averaged across multiple brain slices, hemispheres and raters to provide an accurate estimation of cell density in the PVN. Only cell bodies were counted; stained fibers were excluded from the analysis. Damaged sections were excluded from the analysis.
Data analysis
The data are presented as means 7 (or +) standard error of the mean (SEM) for all analyses, tables and figures. A probability value of Po0.05 was considered to be statistically significant. All data were analyzed with twofactor between-subject analyses of variance (ANOVA), with sex (male or female) and group (paired or isolated) as the independent variables and: (a) body weight, (b) plasma oxytocin levels, (c) plasma ACTH levels, (d) plasma corticosterone levels, (e) oxytocin-immunoreactivity density in the PVN, or (f) CRF-immunoreactivity density in the PVN as dependent variables. Follow-up analyses were conducted using Student's t-tests (hypothesis-driven, statistically justified comparisons only) using a Bonferroni correction for all multiple comparisons; in each case, the adjusted probability value, depending on the total number of comparisons made, was used to determine whether the result was statistically significant (probability values of 0.05 are reported in the text for accuracy).
Experiment 2 2.2.1. General experimental design
The general experimental design of Experiment 2 is described here; specific methodological procedures are presented in the following sections. Adult, female and male prairie voles were allowed ad libitum access to 1% sucrose for 1 week prior to beginning any experimentation. Two baseline fluid intake tests were conducted. Following these tests, animals were randomly assigned to be either socially isolated (4 weeks; n ¼ 16 female and n ¼ 16 male) or pairhoused with a same-sex sibling (control conditions; n ¼ 16 female and n ¼ 16 male). A fluid intake test was conducted following 2 and 4 weeks of isolation or pairing. Following the final fluid intake test, all animals were exposed to a resident-intruder stressor for 5 min. Half of the animals in each group (n ¼ 8 female and n ¼ 8 male) were sacrificed under anesthesia, 10 min following the end of the residentintruder stressor, for the collection of blood. Acute circulating stressor-induced hormone and peptide levels (oxytocin, ACTH and corticosterone) were analyzed in the plasma in both sexes. The other half of the animals in each group (n ¼ 8 female and n ¼ 8 male) were sacrificed under anesthesia, 2 h following the end of the resident-intruder stressor, for the collection of brain tissue. Acute central stressor-induced hormone and peptide levels (oxytocinimmunoreactivity+c-Fos and CRF-immunoreactivity+c-Fos) were analyzed in the PVN in both sexes.
Animals
Thirty-two adult, reproductively naïve female and 32 adult male prairie voles were randomly assigned to paired or isolated groups for the experimental procedures. Age, body weight and environmental conditions were identical to those specified in Experiment 1. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were preapproved by the University of Illinois at Chicago Institutional Animal Care and Use Committee.
Social isolation
Animals were randomly divided into paired (control; n ¼ 16 female and n ¼ 16 male) or isolated (n ¼ 16 female and n ¼ 16 male) conditions; only one animal from each sibling pair was studied. Animals were subjected to social isolation (total 4 weeks) after living with a same-sex sibling in a standard-sized cage since weaning. The isolation/pairing procedures were identical to those specified in Experiment 1.
Fluid intake
All animals were allowed ad libitum access to 1% sucrose, along with food and water, for 1 week before beginning the experimental procedures to allow for adaptation to the taste of the sucrose. The intake of water and 1% sucrose were measured according to procedures described elsewhere (see Grippo et al., 2002) , as an operational index of anhedonia (reduced sucrose intake and sucrose preference, relative to paired animals and baseline intake), and were similar to the procedures used in our previous study with prairie voles (Grippo et al., 2007) (with the exception that in the current study sucrose intake was measured prior to, during, and following isolation to determine the time course of changes in hedonic responding). Food and water were removed from the animal's cage for a period of 16 h prior to the fluid intake test. One hour before beginning the test, all animals were moved into clean, individual cages to ensure accurate fluid intake measurements of paired animals. Both groups (paired and isolated) were moved into clean cages for this 1-h period to avoid potentially differential responses to a novel environment in the two groups. Tap water and 1% sucrose were placed on the cage in premeasured bottles, and fluid intake was monitored for 1 h. All animals were returned to the home cage immediately following the test. Two baseline fluid intake tests were conducted (prior to isolation), and the results were averaged. Fluid intake was measured following 2 and 4 weeks of social isolation or pairing.
Resident-intruder test
Following the period of social isolation or pairing (72 h following the final fluid intake test), all animals participated in a resident-intruder test during the light period (approximately 3-5 h after light onset), using procedures identical to those described previously (Grippo et al., 2007) . The resident-intruder paradigm has been demonstrated previously to be a stressor in rodents, including prairie voles (Bosch et al., 2004; Grippo et al., 2007) . This test consisted of placing the paired or isolated animal (intruder) into the cage of an unrelated and unfamiliar animal of the same sex (resident) for 5 min. Residents and intruders had no prior contact before the test, and did not share parentage.
Resident animals remained in their respective home cages for the test; the resident's same-sex sibling was removed from the home cage approximately 1 min prior to the introduction of the intruder (the resident's sibling was placed in a separate cage during the length of the respective resident-intruder test, and then was replaced in the home cage following completion of the test and removal of the intruder from the cage). The behaviors were recorded with a video camera. Aggressive behavior of the intruder was analyzed by two trained, experimentally blind raters, and was defined as aggressive grooming or posture, swatting, biting, thrusting, pulling and/or attack behavior directed toward the other animal (Mitchell et al., 2003 ). An overall score of aggressive behavior was determined for each animal by summing the number of episodes of each behavior, and the results were averaged between raters.
Collection of plasma
Ten minutes following the completion of the residentintruder test, half of the male and female animals in each group (paired: n ¼ 8 female and 8 male; isolated: n ¼ 8 female and 8 male) were anesthetized with a mixture of ketamine (67 mg/kg, SC; NLS Animal Health, Owings Mills, MD) and xylazine (13.33 mg/kg, SC; NLS Animal Health, Owings Mills, MD). All procedures and materials for blood collection, separation of plasma and sample storage were identical to those specified in Experiment 1.
2.2.7. Stressor-induced circulating hormone and peptide analysis Plasma levels of oxytocin, ACTH and corticosterone were determined using procedures and materials identical to those specified in Experiment 1.
Collection of tissue
Two hours following the end of the resident-intruder test, the other half of the animals in each group (paired: n ¼ 8 female and n ¼ 8 male; isolated: n ¼ 8 female and 8 male) were anesthetized as described above with a mixture of ketamine and xylazine. Animals were sacrificed under anesthesia; brains were removed, processed and prepared for staining using procedures and materials identical to those described in Experiment 1.
2.2.9. Stressor-induced immunohistochemistry and image analysis Serial brain slices (40 mm) from the PVN were assayed for co-expression of c-Fos+oxytocin-immunoreactivity and c-Fos+ CRF-immunoreactivity using standard double-label ABC immunohistochemistry, according to the procedures described in Experiment 1. Anti-c-Fos (Oncogene Science, Cambridge, MA; generated in rabbit) was used at a concentration of 1:100,000, and the target was visualized using nickel-DAB dissolved in 0.175 M sodium acetate. As in Experiment 1, anti-CRF (generously provided by Dr. Ann-Judith Silverman) was used at a concentration of 1:50,000, and anti-oxytocin (generously provided by Dr. Mariana Morris) was used at a concentration of 1:300,000.
Images were captured using procedures and materials identical to those described in Experiment 1. The density of single-labeled (oxytocin, CRF, c-Fos), and the proportion of double-labeled cells (oxytocin-immunoreactive cells+c-Fos and CRF-immunoreactive cells+c-Fos) per analysis area were determined manually in the PVN at a 20x objective, using a standardized sampling area, according to procedures described in Experiment 1. Neurons were considered to be double-labeled if the stained cytoplasm and the stained nucleus were in the same focal plane and if both labels were clearly above background.
As described in Experiment 1, density measurements were taken from sections matched in rostral-caudal orientation to minimize variability, using two to three brain sections from each subject, and results were averaged across sections. Counts were performed separately for each hemisphere, and the results were averaged between hemispheres. For all subjects, density measures were conducted by two trained, experimentally blind raters, and the results were averaged between raters. Thus, density measures were averaged across multiple brain slices, hemispheres and raters to provide an accurate estimation of cell density in the PVN.
Data analysis
As in Experiment 1, the data are presented as means 7 (or +) SEM for all analyses, tables and figures, and a probability value of Po0.05 was considered to be statistically significant. Data sets with repeated measures were analyzed with a three-factor mixed-design ANOVA, with sex (male or female) and group (paired or isolated) as the independent variables and (a) body weight, (b) absolute sucrose intake, (c) absolute water intake, or (d) percent preference for sucrose compared to water [% preference ¼ (sucrose intake/ total fluid intake) Â 100] as the dependent (repeated measures) variables. For significant three-way interactions, the data were then partitioned along planes of interest and analyzed using simple mixed-design ANOVAs (hypothesisdriven, statistically justified analyses only) using a Bonferroni correction for multiple ANOVAs (probability values of 0.05 are reported in the text for accuracy). Follow-up analyses were then conducted using Student's t-tests (hypothesis-driven, statistically justified comparisons only) using a Bonferroni correction for all multiple comparisons (probability values of 0.05 are reported in the text for accuracy).
Data sets with independent measures were analyzed with two factor between-subject ANOVAs, as in Experiment 1, with sex (male or female) and group (paired or isolated) as the independent variables and (a) aggression during the resident-intruder test (b) plasma oxytocin levels following the resident-intruder test, (c) plasma ACTH levels following the resident-intruder test, (d) plasma corticosterone levels following the resident-intruder test, (e) oxytocin-immunoreactivity density in the PVN following the resident-intruder test, (f) CRF-immunoreactivity density in the PVN following the resident-intruder test, (g) c-Fos-immunoreactivity density in the PVN following the resident-intruder test, (h) neural activation of oxytocin cells in the PVN (i.e., proportion of c-Fos-labeled oxytocin cells per analysis area) following the resident-intruder test, or (i) neural activation of CRF cells in the PVN (i.e., proportion of c-Fos-labeled CRF cells per analysis area) following the resident-intruder test as dependent variables. Follow-up analyses were conducted with Student's t-tests (hypothesis-driven, statistically justified comparisons only) using a Bonferroni correction for all multiple comparisons (probability values of 0.05 are reported in the text for accuracy).
Results
3.1. Experiment 1 3.1.1. Body weight Social isolation (versus pairing) did not affect body weight in either female or male groups. Following 4 weeks of social isolation or pairing, body weight was as follows: 4273 g in the paired female group; 4073 g in the isolated female group; 5474 g in the paired male group; and 5072 g in the isolated male group. The ANOVA yielded a significant main effect of sex [F(1,28) ¼ 13.62, Po0.001], which was due to the fact that males weighed more than females in both paired and isolated groups [paired: t(14) ¼ 2.48, Po0.05; isolated: t(14) ¼ 2.87, Po0.05; Student's t-tests with a Bonferroni correction]. There was no difference in body weight between paired and isolated females or between paired and isolated males (P40.05 for both comparisons; Student's t-tests with a Bonferroni correction).
Circulating hormones and peptides
Social isolation (versus pairing) led to an increase in basal circulating oxytocin in females (but not in males), but did not alter basal circulating ACTH or corticosterone levels in either sex. Figure 1 displays the circulating hormone and peptide levels following 4 weeks of social isolation or pairing in both female and male groups. The ANOVA for oxytocin yielded a significant group by sex interaction [F(1,28) ¼ 6.43, Po0.02]. Social isolation induced a significant elevation in plasma oxytocin in females [t(14) ¼ 3.22, Po0.05], but not in males (P40.05). The ANOVAs for ACTH and corticosterone yielded no statistically significant effects (P40.05 for all main effects and interactions); no follow-up tests were conducted on these variables.
Tissue hormones and peptides
Social isolation (versus pairing) led to an increase in oxytocin-immunoreactivity density in the PVN in females (but not in males), but did not alter CRF-immunoreactivity density in the PVN in either sex. Figure 2 shows an example of oxytocin-immunoreactivity in the PVN of a paired and isolated female (Panels A and B), and the mean number of oxytocin-and CRF-immunoreactive cells in both females and males following social isolation or pairing (Panels C and D). The ANOVA for oxytocin-immunoreactivity density yielded a significant main effect of group [F(1,28 
Fluid intake
Four weeks of social isolation produced a reduction in absolute sucrose intake in both male and female prairie voles, relative to these groups' respective baseline consumption and the consumption of the paired groups; however, 4 weeks of social isolation produced a reduction in sucrose preference only in females. Figure 3 (Panels A and B) displays fluid intake in female and male groups at baseline and following 2 and 4 weeks of social isolation or pairing. The ANOVA for absolute water intake yielded a significant sex by time interaction [F(2,120) ¼ 19.24, Po0.0001]. However, using Student's t-tests with a Bonferroni correction, there were no significant differences in water intake between paired or isolated groups at baseline (P40.05 for both comparisons) or following 4 weeks of social isolation or pairing (P40.05 for both comparisons), in either females or males.
The ANOVA for absolute sucrose intake yielded a significant main effect of group [F(2,60 However, following 4 weeks of social isolation or pairing, sucrose preference in the isolated male group did not differ significantly from either its respective baseline preference or that of the paired male group (P40.05 for both comparisons). The paired groups did not alter sucrose preference over time (versus baseline preference; P40.05 for both females and males).
Resident-intruder test
Social isolation did not alter aggressive behavior during the resident-intruder test in either female or male prairie voles ( Table 2 ). The ANOVA for number of aggressive episodes during the resident-intruder test yielded a significant main effect of sex [F(1,60) ¼ 11.44, Po0.001], which was due to the fact that the female paired and isolated groups displayed slightly more aggressive episodes during the test versus the male paired and isolated groups [paired: t(30) ¼ 1.77, Po0.05; isolated: t(30) ¼ 3.71, Po0.05; Student's t-tests with a Bonferroni correction]. However, there were no significant pairwise differences in number of aggressive episodes between paired or isolated groups (P40.05 for both females and males; Student's t-tests with a Bonferroni correction).
Stressor-induced circulating hormones and peptides
Social isolation (versus pairing) led to a significant increase in resident-intruder-induced circulating oxytocin levels in Note: Data are shown as mean7SEM. There were no significant within-or between-group differences in body weight in either females or males. a Po0.05 versus respective male group. both female and male prairie voles, but led to a significant increase in resident-intruder-induced ACTH and corticosterone levels only in females. Figure 4 displays the circulating hormone and peptide levels following the resident-intruder paradigm in both female and male paired and isolated groups. The ANOVA for resident-intruder-induced plasma oxytocin levels yielded a significant main effect of group [F(1,28 The ANOVA for resident-intruder-induced plasma ACTH levels yielded a significant main effect of group [F(1,28) ¼ 39.52, Po0.0001]. Using Student's t-tests, social isolation was associated with significant elevations in plasma ACTH in females following the resident-intruder paradigm [t(13) ¼ 5.08, Po0.05]; resident-intruder-induced ACTH levels in isolated and paired males did not differ significantly (P40.05).
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The ANOVA for resident-intruder-induced plasma corticosterone levels yielded a significant main effect of group [F(1,28) ¼ 4.72, Po0.004]. Using Student's t-tests, the isolated females displayed significantly elevated plasma corticosterone levels versus the paired females following the resident-intruder paradigm [t(13) ¼ 2.48, Po0.05]; resident-intruder-induced corticosterone levels in isolated and paired males did not differ significantly (P40.05).
Stressor-induced tissue hormones and peptides
Social isolation (versus pairing) led to increased neural activation (i.e., increased proportion of double-labeled cells) of oxytocin in the PVN in both female and male prairie voles, but led to increased neural activation of CRF in Figure 3 Mean (+ SEM) absolute fluid intake in female and male (Panels A and B, respectively), and mean sucrose preference, compared to water, in female and male (Panels C and D, respectively) paired and isolated prairie voles prior to and during social isolation or pairing. For sucrose intake and sucrose preference: *Po0.05 versus respective paired value; # Po0.05 versus respective baseline value. Only statistically significant comparisons that are relevant to the current hypotheses are noted. the PVN only in females. Figure 5 shows examples of cells double-labeled for c-Fos and either oxytocin (Panels A and B) or CRF (Panels C and D). Figure 6 shows the mean percent of oxytocin-(Panel A) and CRF-immunoreactive cells (Panel B) that expressed Fos in the PVN in both female and male paired and isolated groups. The ANOVAs for resident-intruder-induced (a) single-labeled oxytocin-immunoreactive cell density, (b) single-labeled CRFimmunoreactive cell density and (c) single-labeled c-Fosimmunoreactive cell density yielded no significant effects (P40.05 for all main effects and interactions); no follow-up analyses were conducted on these variables (data not shown).
ARTICLE IN PRESS
The ANOVA for neural activation of oxytocin in the PVN (i.e., proportion of double-labeled cells) following the resident-intruder test yielded a significant main effect of group [F(1,28 
Discussion
Studies in prairie voles have provided new insights into both the causes and consequences of sociality (Carter et al., 1995; Insel and Young, 2001 ). For instance, isolation for varying periods has both physiological and behavioral consequences (Kim and Kirkpatrick, 1996; Fowler et al., 2002; Ruscio et al., 2007; Grippo et al., 2007) ; however, the precise central and peripheral mechanisms of social isolation-induced behavioral and neuroendocrine changes are not well elucidated. In the present study, we observed neuroendocrine and behavioral changes as a function of chronic isolation, especially in female prairie voles, including anhedonia, increased basal circulating and central hormone and peptide levels, and exaggerated acute stressor-induced peripheral and central hormone and peptide activation.
Centrally active neuropeptides, including oxytocin and CRF, have been implicated in social behavior and also the management of reactions to stressful experiences (Heinrichs et al., 1995; McCarthy and Altemus, 1997; Sánchez et al., 1998; Neumann, 2002; Windle et al., 2004; Plotsky et al., 2005) . In the current study (Experiment 1) females, but not males, living in isolation for 4 weeks showed increased circulating levels of oxytocin (Figure 1 ) and had a higher density of oxytocin-immunoreactive cells in the hypothalamic PVN (Figure 2) . However, plasma levels of ACTH and corticosterone did not differ between isolated and paired animals in either sex.
The effects of isolation on physiology and behavior were especially pronounced following brief exposure to a same-sex stranger (Experiment 2). During the residentintruder test, aggression was observed in both paired and isolated animals (Table 2 ), supporting the hypothesis that this paradigm is a social stressor. After the resident-intruder test, isolated females showed increased activation of the oxytocin system as indexed by enhanced co-localization of c-Fos with oxytocin cells in the PVN and elevated plasma oxytocin levels. Additionally, these animals showed HPA axis activation, including increased co-localization of c-Fos with CRF cells in the PVN, and increased circulating ACTH and corticosterone. Males also showed an isolation-related increase in circulating oxytocin following the residentintruder test, as well as increased co-localization of oxytocin and c-Fos in the PVN. However, males did not show elevations in ACTH or corticosterone, or increased CRF and c-Fos co-localization. The circulating hormone and peptide changes shown here in females are similar to the stressor-induced changes that we previously observed in female prairie voles exposed to 2 months of social isolation and the 5-min resident-intruder test (Grippo et al., 2007) . However, the present results, indicating that the density of single-labeled oxytocin-immunoreactive cells was increased in isolated females following isolation alone (Experiment 1), but not following isolation plus the resident-intruder stressor (Experiment 2), suggest that exposure to an acute stressor may alter oxytocin production and/or release in PVN cells, or possibly gene transcription, in isolated female prairie voles (Wotjak et al., 1998 (Wotjak et al., , 2001 Liu et al., 2001) . Further studies, including those investigating directly oxytocin release in isolated animals exposed to acute social and non-social stressors, will elucidate the precise mechanisms underlying the changes in central and circulating oxytocin.
ARTICLE IN PRESS
As shown here, female and male prairie voles appear to be differentially responsive to chronic and acute social stressors. Growing evidence suggests that sexually dimorphic responses exist following environmental and social stressors (Palanza, 2001; Klein and Corwin, 2002; Beck and Luine, 2002; McCormick et al., 2005) . For instance, female rats exposed to social stressors show increased locomotor responses to amphetamine and increased corticosterone release relative to controls, whereas no effect of social stressors is found in males (McCormick et al., 2005) . Female and male rats also show differential behavioral responses to chronic versus acute stressors (see Kennett et al., 1986) , and socially isolated male rats, versus females, exhibit more prominent changes in the density of CRF receptors in cortical brain areas (Ehlers et al., 1993) . The current observation that neural activation of CRF cells is increased following the resident-intruder stressor in isolated females (but not males) may suggest that the female HPA axis response is more sensitive to the effects of isolation versus the male response, perhaps representing sexually dimorphic differences in social stressor responsiveness in prairie voles.
However, oxytocin was elevated following the residentintruder stressor in both male and female isolated animals; this peptide system may serve a stress-buffering role during isolation. Oxytocin can be released during positive social experiences (Carter, 1998) , but also may be increased following stressful events (Lang et al., 1983; Gibbs, 1984; Nishioka et al., 1998; Taylor et al., 2006 ). The precise consequences of increases in endogenous oxytocin, especially in association with putative stressors, remain to be investigated. However, based on the beneficial effects of exogenous oxytocin, it seems most likely that the release of oxytocin under these conditions is compensatory or protective (Uvnäs-Moberg, 1998). Previous investigations in prairie voles (Carter, 1998) , rats (Neumann et al., 2000) and humans (Legros et al., 1987; Chiodera et al., 1991; Heinrichs et al., 2003) have shown that exogenous oxytocin can inhibit behavioral or physiological responses to stressors. Similarly, exogenous oxytocin promotes positive social behaviors in both female (Williams et al., 1994; Insel and Hulihan, 1995) and male (Cho et al., 1999) prairie voles. There is also evidence from rats that oxytocin can down-regulate CRF gene expression in the PVN (Nomura et al., 2003) . In addition, mice that are genetically deficient for either oxytocin (Michelini et al., 2003; Mantella et al., 2004) or the oxytocin receptor (Takayanagi et al., 2005) tend to be highly reactive to stressors.
These previous findings suggesting a stress-buffering role for oxytocin may be consistent with the results of the current study, showing that increased oxytocin cell density following chronic isolation in females (Experiment 1) and increased neural activation of oxytocin cells in both isolated females and males after the resident-intruder stressor (Experiment 2) may have differential stress-buffering consequences in female and male prairie voles. Because oxytocin was elevated (but ACTH and corticosterone were not) in isolated males after the resident-intruder stressor, it is possible that activation of the oxytocinergic system in the brain and periphery of male prairie voles was sufficient to reduce the HPA axis response to the resident-intruder stressor; conversely, oxytocinergic activation in isolated female animals may not be sufficient to reduce the HPA axis response to the resident-intruder stressor. Indeed, treatment with exogenous oxytocin is capable of reducing HPA axis activity in male prairie voles (Carter, 1998) , as well as in humans (Heinrichs et al., 2003) . It is also possible that sex differences exist in the timing of either oxytocin or HPA axis reactions to stressful experiences, which may have not been detected in the present study. That is, ACTH and corticosterone levels may be reduced as a result of oxytocin release over a longer time course in female prairie voles versus males, which may explain why both ACTH and corticosterone were elevated along with oxytocin in isolated females (but not in isolated males) after the residentintruder stressor. Consistent with this hypothesis are data from rats showing a more pronounced habituation of corticosterone responses to chronic restraint stress in males versus females (Galea et al., 1997) . Sex differences in the central synthesis or effects of other neuropeptides, including vasopressin (DeVries and Simerly, 2002; DeVries and Panzica, 2006) or CRF (Lim et al., 2005 (Lim et al., , 2006 , may also mediate the neuroendocrine responses described here.
In addition to altered basal and acute stressor-induced neuroendocrine function in the current study, social isolation was associated with a progressive reduction in sucrose intake in both sexes. However, a significant reduction in the preference for sucrose, versus water, was seen after 4 weeks of isolation only in females. Reduced sucrose intake and preference have been used as indices of anhedonia, which is a behavioral feature of human depression (Keller et al., 1995; American Psychiatric Association, 2000) . The present findings are consistent with our previous observation of reduced sucrose preference in female prairie voles exposed to 2 months of isolation (Grippo et al., 2007) . Further, these results extend our previous findings by demonstrating that anhedonia develops gradually over the course of isolation in prairie voles, similar to the progression of reduced hedonic responsiveness observed in rodent models of depression (Grippo et al., 2002 (Grippo et al., , 2003 . The reduction in sucrose intake shown here represents a specific hedonic deficit. Water intake was not changed in isolated animals, indicating that there was no generalized deficit in ingestive behavior. Also, body weight was unaffected by the isolation period in both sexes, indicating that the reduction in sucrose intake was not confounded by a reduction in body weight in the isolated groups. A female bias in the occurrence of depression is found in humans (American Psychiatric Association, 2000; Cyranowski et al., 2000) , and social interactions may be of particular importance to coping in women (see for review Kiecolt-Glaser and Newton, 2001) . Similarly, sex differences in the social regulation of neuropeptides, including oxytocin, vasopressin and CRF, could contribute to the physiological mechanisms underlying female vulnerability to depression (Carter and Altemus, 2005 ). The precise consequences of increased central and peripheral oxytocin function in prairie voles after isolation, and how these changes relate to decreased hedonic responsiveness, are not yet elucidated and should be a target of future research. To this end, Light and colleagues (2004) have reviewed evidence that oxytocin may serve to modulate affective states in human mothers.
A limitation of the current series of experiments involves studying social environmental manipulations in socially monogamous mammals (such as prairie voles or humans). In particular, the present experimental design may have included uncontrolled variables associated with temporary separation of paired animals from their respective siblings (e.g., during the resident-intruder stressor). However, if this was that case, differences between paired and isolated groups may have been less pronounced or absent, whereas the present results indicate that several robust behavioral and neuroendocrine differences exist between paired and isolated animals. However, future studies should consider the inclusion of additional control groups when investigating behavioral and neuroendocrine responses to acute social manipulations in socially monogamous rodent models, including paired and isolated animals that are temporarily moved into a new cage but not exposed to an additional stressor.
To conclude, the current findings indicate that social isolation induces slight basal neuropeptide changes in female prairie voles (but not in males), as well as anhedonia and an acute stressor-induced neuroendocrine profile in both sexes that are similar to the changes observed in human depression. Some of these responses may be sexually dimorphic, including perhaps a reduced stressor response (both central and peripheral), or a different time course in the stress-buffering consequences of oxytocin, in males versus females. These findings provide further insight into the mechanisms of reactivity to social stressors. Continuous research with translational animal models, including studies in highly social mammals such as prairie voles, can provide a greater understanding of the mechanisms through which disorders such as depression are induced or exacerbated by isolation or a perceived lack of social support.
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